The surface treatment with Tb-vapor sorption improves the magnetic properties of small-sized magnets. Microstructure of the Tb-treated magnets was investigated by transmission electron microscopy (TEM). By applying the Tb-treatment, the diffusion of Tb through grain boundaries occurred even inside the magnets, and then a thin and continuous wetting-layer phase was formed at the boundaries between the Nd 2 Fe 14 B grains. The results suggest that the formation of the thin and continuous wetting-layer phase leads to the improvement in magnetic properties.
Introduction
Sintered Nd-Fe-B magnets exhibit excellent permanent magnetic properties. Sintered magnets are normally composed of the hard-magnetic Nd 2 Fe 14 B phase, a nonmagnetic B-rich phase of a small volume fraction, and a Nd-rich phase that exists mainly at grain boundaries (GB). A number of studies have been carried out to enhance their magnetic performance. Substitution of Tb or Dy has been reported to improve the intrinsic coercivity (H cJ ) by increasing the anisotropy field (H A ) of Nd 2 Fe 14 B phase. [1] [2] [3] It is also well known that the heat treatment strongly increases the coercivity correlating with the improvement of the magnetic separation between the Nd 2 Fe 14 B grains by the nonmagnetic GB phase. 4) However, the Nd-Fe-B sintered magnets have an issue that the magnetic properties is degraded by a downsizing process, because the machined and damaged surface causes nucleation of magnetic domains. 5, 6) As demands for the higher magnetic performance of small-sized magnets are increasing in the application fields such as micro-motors and mobile electronic equipments, this problem is getting serious. Recently, Machida et al. 7, 8) found that the degraded coercivity of small-sized Nd-Fe-B sintered magnets can be successfully improved by the surface treatment with Dy-and Tb-vapor sorption.
In this study, the microstructure changes of Nd-Fe-B sintered magnets with the Tb-vapor sorption treatment were investigated by transmission electron microscopy (TEM), in order to clarify the improvement mechanism of the magnetic properties. A model of the mechanism was proposed by taking into account the structural change of the GB and the magnetic effect of Tb-element.
Experimental
Specimens of machined Nd-Fe-B sintered magnets with or without the Tb-vapor sorption treatment were prepared. The Nd-Fe-B sintered magnets were cut to small pieces of 3:0 Â 3:0 Â 2:8 mm. The Tb-treatment was performed by threedimensional sputtering of Tb, followed by annealing at 1173 K for 43.2 ks under an Ar atmosphere. The metal-vapor sorption treatment was described in detail in previous papers. 7, 8) Table 1 shows the magnetic properties of the as-machined magnet (specimen A) and the Tb-treated magnet (specimen B). In specimen B, the magnetic properties were measured after polishing and removing the surface region about 500 mm in depth. The Tb-treated magnet shows notable improvement of the coercivity without decreasing in remanence. It should be noted that the improvement in H cJ is achieved even after the polishing.
The microstructures of the magnets were observed with a scanning electron microscope (SEM: JOEL JSM-6340F) and a TEM (FEI TECNAI-20F). Elemental analysis was carried out with the TEM equipped with an energy dispersive spectroscopy (EDS) system and a TEM (JOEL JEM-3200FSK) equipped with beam-scanning and electron energy loss spectroscopy (EELS) system. In the EDS experiment, Tb-L peak at 6.27 keV was selected for imaging elemental maps. In the EELS experiment, the three-window technique was adopted and Tb-M 5 edge at 1245 eV, Nd-M 5 edge at 978 eV, and Fe-L 3 edge at 710 eV were used for imaging the elemental maps. Cross-sectional TEM specimens were fabricated using a focused ion beam (FIB: HITACHI FB- Table 1 Magnetic properties of the as-machined magnet (specimen A) and the Tb-treated magnet after polishing (specimen B). 2000K) mill with a microsampling unit. The FIB microsampling technique allows pin-point preparation of TEM specimens from a desired position of the bulk magnets. In this study, TEM samples were prepared by picking up from a central area of the magnets. Figure 1 shows backscattered electron images of specimens A and B. In this imaging mode, the brightness of image is roughly proportional to the averaged atomic mass. There- fore, the dark gray contrast areas correspond to the Nd 2 Fe 14 B phase, while the bright gray areas correspond to the Nd-rich phase. Both specimens are basically composed of Nd 2 Fe 14 B grains about 5 mm in size and intergranular Nd-rich phases. In the SEM images, we could not recognize difference in the microstructure. Figure 2 shows bright-field (BF) images obtained from areas around Nd-rich phases in the specimens A and B. One can see in Fig. 2(a) that the Nd-rich phase contacts directly with the Nd 2 Fe 14 B phase. The EDS analysis indicated that Tb-element has not been detected in specimen A. In Fig. 2(b) , on the other hands, a thin wetting-layer phase about a few nm in width exists along the GB. The GB phase has a bright-contrast and is formed at the boundaries between the Nd 2 Fe 14 B grains. From the EDS analysis, both of the Nd 2 Fe 14 B and the Nd-rich phases contained about 0.1 at%Tb. Since the intensities of Tb-peaks in the EDS spectrum were very week, a Tb-mapping image could not be obtained. Then, we employed the EELS analysis in order to investigate the distribution of Tb-atom. Figure 3 shows selected area electron diffraction (SAD) patterns of the Nd 2 Fe 14 B phases in the specimen A and B. One can see in Fig. 3(b Figure 4 is SAD patterns for Nd-rich phases in specimens A and B. In Fig. 4(a) , the diffraction spots can be considered to be those for a face-centered cubic (FCC) structure NdO (Fm 3 3m, a ¼ 0:550 nm). It was found by the EDS analysis that the Nd-rich phase contained about 58 at%O, 38 at%Nd and 2 at%Fe. In Fig. 4(b) , the SAD pattern is very compli- cated, but the diffraction spots can be explained fundamentally by overlapping of reflections from two FCC-NdO crystals. One can also notice in Fig. 4(b Figure 5 demonstrates the EELS analysis in specimen B. Tb-M 5 edge was detected in the EELS spectra in Figs. 5(g) and (h). It is clearly seen in Fig. 5(a) that the Nd-rich phase contains a larger amount of Tb-element than the Nd 2 Fe 14 B phase, and Tb atoms seem to be distributed homogeneously. The diffusion of Tb should occur along GB. As shown in Fig. 5(d) , the wetting-layer phase shows obviously darker contrast than the Nd-rich phase. This feature suggests that the wetting-layer phase contains a larger amount of RE-element (RE: Rare Earth) than that in the Nd-rich phase. Figure 6 shows BF images of GB in the Nd 2 Fe 14 B phase in specimens A and B. In Fig. 6(a) one can see some precipitates associated with strong strain-contrast at the GB and in the Nd 2 Fe 14 B matrix. The GB becomes rough in shape due to the formation of these precipitates. Shinba et al. 10) reported that precipitates disrupt the magnetic domain arrangements. In Fig. 6(b) , on the other hand, there is s very thin and continuous wetting-layer phase is formed on a boundary of Nd 2 Fe 14 B grains. The wetting-layer-phase should be formed by partial decomposition of the Nd 2 Fe 14 B grains near the GB.
Results and Discussion
The as-machined magnet has the rough GBs, that could act as nucleation sites of magnetic reversed domains. This causes the low coercivity. The Tb-treatment should make such inhomogeneous GB smooth by formation of the thin and continuous wetting-layer phase and then the nucleation of reversed domains would be suppressed. Substitution of Nd by Tb has an effect to increase the anisotropy field of the Nd 2 Fe 14 B phase and then to enhance the coercivity. But such substitution decreases the remanence owing to antiferromagnetic coupling of the heavy rare earth (Tb) with 3d-element (Fe), and then the substitution is restricted to a limited concentration.
3) In the Tb-treated magnet, therefore, the Tbelement in Nd 2 Fe 14 B phase could contribute to the improvement of the coercivity for very small amount substitution.
Conclusion
We investigated the microstructure changes of the GB region in the Nd-Fe-B sintered magnets by TEM. Due to the Tb-vapor sorption treatment, the Nd 2 Fe 14 B grains near the GB decompose partially to form the Nd 1:1 Fe 4 B 4 phase, and then the thin and continuous wetting-layer phase is formed in the GB. The morphological change of the GB prevents the nucleation of the magnetic reversed domain and then improves the magnetic properties.
